Chromosome fusion is deleterious among oncogenic chromosome rearrangements, and has been proposed to cause multiple tumor-driving abnormalities. Conventional methodologies, however, lack the strictness of the experimental controls on the fusion such as the exact timing, the number and the types of fusion in a given cell. Here, we developed a human cell-based sister chromatid fusion visualization system (FuVis), in which a single defined sister chromatid fusion is induced by CRISPR/Cas9 concomitantly with mCitrine expression. Fused chromosome developed numerical and structural abnormalities, including chromosome fragmentation, an indicative of eventual chromothripsis. Live cell imaging and hierarchical Bayesian modeling indicated that micronucleus (MN) is generated in the first few cell cycle, and that cells with MN tend to possess cell cycle abnormalities. These results demonstrate that, although most cells can tolerate a single fusion, even a single sister chromatid fusion destabilizes cell cycle through MN formation.
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including dominant negative allele [11] , shRNA-dependent knockdown [12] [13] , and cre-loxP- 23 and CRISPR/Cas9-mediated knockout [14] [4] . The fate of chromosome fusion has also been 24 analyzed during telomere crisis induced by replicative telomere shortening in p53-compromised 25 cells and mice that lack functional telomerase [15] [16] [17] [18] . During telomere crisis, cells 26 often possess a few chromosome fusions, which is much milder than the phenotype induced by 27 complete TRF2 disruption [14] [4]; while ongoing telomere shortening gives rise to continuous 28 emergence of dicentric chromosomes [16] . Thus, in both experimental systems, multiple 29 chromosome fusions are induced over time to different extent. Besides, there are at least three 30 different types of chromosome end-to-end fusion induced in these systems. Inter-chromosomal 31 fusion involves chromosome ends of two distinct chromosomes, while intra-chromosomal fusion 32 occurs between both ends of the same chromosome, resulting in ring-shaped chromosome. The 33 third is sister chromatid fusion that requires each end of sister chromatid pair after DNA 34 replication. Among these, sister chromatid fusion has been implicated in the escape from 35 telomere crisis by inducing appropriate genetic alterations [19] . Conventional methodologies 36 failed to regulate the number and the types of chromosome fusion; it was very difficult to know 37 the types and the number of fusion in a given cell without harvesting the cell, and the exact 38 timing at which it happened. Recently developed method that uses sequence specific nucleases 39 such as I-SceI and TALEN to induce double strand break (DSB) in subtelomere region, can 40 potentially regulate the number of fusion as a consequence of abnormal repair between two 41 distinct subtelomeric DSB [20] [21] . However, nuclease-mediated method still failed to regulate 42 the types of fusion and the timing of its induction. Especially, it was very difficult to track some 43 stochastic events happening within the cell lineage after a single defined chromosome fusion due 44 to the lack of a method to visualize such fusion. 45 To circumvent these difficulties, we have developed a cell-based sister chromatid fusion 46 visualization (FuVis) system, by which a single defined sister chromatid fusion can be 47 artificially induced in a traceable manner. The FuVis system relies on CRISPR/Cas9-mediated 48 targeting of an artificial cassette integrated in the X chromosome short arm (Xp) subtelomere; 49 DSBs induced by the CRISPR/Cas9 generate a sporadic sister chromatid fusion concomitantly 50 with mCitrine expression. We have successfully isolated two independent FuVis clones for Xp 51 sister chromatid fusion (FuVis-XpSIS). PCR-based sequence analysis of the fusion junction 52 suggested microhomology-mediated repair mechanism is involved in the sister chromatid fusion. 53 Cytological analysis revealed that mCitrine positive FuVis-XpSIS cells indeed possess sister 54 chromatid fusion and numerical and structural X chromosome abnormalities, including 55 translocation, inter-chromosomal fusion and X chromosome fragmentation, which potentially 56 gives rise to chromothripsis [22] . We also found that mCitrine positive FuVis-XpSIS cells did 57 not develop tetraploidy, suggesting that a single sister chromatid fusion did not inhibit delay, mitotic delay, micronucleus (MN) formation, multinuclei formation, cell death, 62 cytokinesis failure and cell fusion. Together with a possible effect of the sister chromatid fusion 63 in a given cell, we explicitly incorporated unknown lineage individualities to statistical models 64 as hierarchical structure of the parameters. Not only the hierarchical models, we also built up 65 alternative models to examine the validity of our consideration formulated as model structures. 66 We assessed the appropriateness of the models in terms of the predictability by WAIC (Widely 67 Applicable Information Criterion), which is a statistical measure applicable in the Bayesian 68 inference [23] [24] . Our analysis indicates that development of MN depends on the sister 69 chromatid fusion independently of the lineage individuality and other experimental variables and 70 occurs in the first few cell cycle upon its formation. The analysis also indicates that cells with 71 MN tend to delay interphase of the cell cycle and possess more abnormalities compared to their 72 MN-negative sister lineages. These results illuminate that FuVis is a very powerful tool to follow 73 the fate of a single defined DNA rearrangement. We propose that, although most cells can 74 tolerate a single fusion, even a single sister chromatid fusion causes deleterious effect on cellular 75 fitness through MN formation. 76 
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Results
77
Induction of chromosome fusion by CRISPR/Cas9
78
Targeting two distinct loci on chromosomes by CRISPR/Cas9 causes sporadic translocation [25] 79 . We reasoned that targeting subtelomere sequence by CRISPR/Cas9 results in sporadic 80 chromosome end-to-end fusion and/or sister chromatid fusion by erroneous repair
81
(Supplementary figure 1A) . Because human subtelomere loci contain multiple repetitive 82 sequences [26] , we picked up a target sequence, which is found in multiple different 83 subtelomere regions by using online CRISPR design tool [27] and Cas-OFFinder [28] . The 84 sequence was cloned into lentiviral CRISPR/Cas9 vector (CRISPR/Cas9-sgSubtel,
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Supplementary file 1). Normal human lung fibroblast IMR-90 cells expressing papilloma virus 86 oncoprotein E6 and E7, which downregulate p53 and Rb, respectively, were infected with sequences that are not found in the human genomic sequence, and splicing acceptor-and 100 self-cleaving peptide sequence (P2A)-tagged neomycin resistant (neoR) gene ( Figure 1A ). We 101 reasoned that, upon integration of the cassette into a single subtelomere locus, targeting the 102 spacer region between the N-terminus of mCitrine and the neoR gene by CRISPR/Cas9 induces 103 a sporadic sister chromatid fusion, which results in the expression of full length mCitrine gene 104 ( Figure 1B ). For this purpose, the entire cassette sequence was flanked by tandem cHS4 105 insulators, which suppress spreading of silent chromatin structure [29] , and integrated into a figure 1G, H) . To confirm the induction of 122 sister chromatid fusion by CRISPR/Cas9 targeting, mCitrine positive XpSIS15 cells expressing 123 CRIPSPR/Cas9-sgFUSION11 (XpSIS15-sgFUSION11) were sorted and analyzed by FISH. We 124 found that telomere-free Xp sister chromatid ends were connected and colocalized with sister figure 1I) . Among these target 134 sequences, sgFUSION11 was the most efficient inducer of mCitrine in both clones and chosen 135 for the subsequent analysis unless otherwise indicated.
136
Sister chromatid fusion junction analysis
137
To confirm that mCitrine positive XpSIS cells harbor covalently linked sister chromatid fusion, 138 genomic DNA was extracted from mCitrine positive XpSIS15-sgFUSION11 cells and subjected 139 to PCR amplifying expected fusion junction (Supplementary figure 2C) . PCR product specific to 140 mCitrine positive XpSIS15 was shorter than expected size (Supplementary figure 2D and data 141 not shown), which was then cloned for subsequent sequencing analysis. Cloned junction Figure 2E ). However, introduction of CRISPR/Cas9-sgFUSION11 into XpCTRL48 induced 178 robust expression of mCitrine ( Figure 2D ,E). We performed sequencing analysis of repair 179 junctions using genomic DNA from whole population of XpCTRL48-sgFUSION11 ( Figure 2F ). 180 The PCR generated a long product which corresponds to the original sequence and faint short 181 product which was expected to contain truncated repair product ( Figure 2G) ; the latter was 182 cloned for the sequencing analysis. The sequenced clones possessed two types of junction: those 183 that completely lost sequences between CRISPR/Cas9 targets (type I) and that partially lost the 184 sequences (type II)( Figure 2H ). The type II suggests that each CRISPR/Cas9 target site was 185 independently repaired, while the type I contains either product of sequential repair of each site 186 or direct repair between the two target sites ( Figure 2H ). Both types of junction possessed a sign 187 of MMEJ, which was indicated by extensive truncation, microhomology and insertions at the Figure 2K ). This kinetics is consistent with an assumption that, upon sister chromatid 198 fusion, a single mCitrine gene is generated in G2 phase, which can be propagated to either one 199 of two daughter cells following the first mitosis, while repair in XpCTRL resulted in two sister chromatid fusion has been broken after first mitosis and stabilized by either translocation 235 of other chromosome portion that contains functional telomere or de novo telomere addition, a 236 phenomenon called telomere healing [35] . Inter-chromosome fusion with non-X was observed 237 at all time points (D8, 10%; D14, 5.6%; D8-14, 5.5%), suggesting ongoing BFB cycle in small 238 population of the cells. Fusion between two X chromosome was rare and observed even in the 239 untreated cells (mock, 1.1%; D8, 1.1%; D14, 0%; D8-14, 3.3%). However, while it was 240 observed in near-tetraploid cells in mock control, near-diploid cells showed the phenotype in 241 XpSIS36-sgFUSION11 condition and such X-X fusion contributed to X chromosome 242 aneuploidy, which implies different mechanism of origin. The fragmentation was also rare (D8, 243 5.5%; D14 and D8-14, 1.1%) but specific to XpSIS36-sgFUSION11, suggesting that the 
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Modeling of the fate of a single sister chromatid fusion
272
To assess the consequence of a single sister chromatid fusion, percentages of lineages that show 273 cell cycle and morphological abnormalities were calculated from the lineage trees and shown as 274 a heat map ( Figure 5A and Supplementary figure 14A) . No mitosis indicates a lineage that did 275 not enter mitosis during the course of the movie without any sign of cell death, fading of 276 mCitrine, and/or cell fusion; mitotic delay was defined as mitosis that was longer than 2 hours. 277 The fading of mCitrine was observed only in XpSIS-sgFUSION11, further confirming that this 278 is the consequence of sister chromatid fusion (Supplementary figure 3F) . Among all 
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To statistically infer the impact of sister chromatid fusion on MN formation in individual 283 cells, we performed the logistic regression, which is a kind of generalized linear models 284 (GLMs) [36] . We modeled the probability of MN formation (responsive variable) as a function 285 of the linear predictor including the following explanatory variables and their coeffcient Figure 5E shows distribution of posterior probability of MN calculated by the inferred value of 313 the parameter scf in the model 1 5. The average posterior probabilities in the absence and the 314 presence of sister chromatid fusion are 0.0096 and 0.087, respectively, suggesting that sister 315 chromatid fusion increases the probability of MN by 9 times on average. We also estimated the 316 distribution of the parameters in the second predictable model 1 3, which indicates the positive 317 effect of sister chromatid fusion, while repair, cell cycle stage, and cell line were estimated to 
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We asked if MN formation had any negative effect in the descending lineage. To address this 324 question, two matched sister cells, in which one of them possesses MN, were picked up from all 325 lineage trees (for example, Figure 5B and Supplementary figure 14C: all lineages except for 72 326 and 109), and their fates were compared. Our statistical inference indicated that cells with MN 327 possess higher probability of subsequent abnormalities (0.271), including less frequency of 328 mitosis, regress, cell fusion, cell death, and mitotic delay, than MN-negative sister lineages 329 (0.063)( Figure 6A ).
330
We presumed that cell cycle abnormalities would be detected as increased variability of cell 331 cycle duration, because cells with the abnormalities tended to indicate an interphase delay. To 332 assess the effect of MN formation on cell cycle duration, we made models assuming that the Figure 4E and Figure 5A ) and X chromosome abnormalities (Figure 3) . We assume that the 385 percentages of cells that acquired expected rearrangement in XpSIS and XpCTRL were figure 15) . 412 The average predicted probability of MN formation on the model 1 5 increased by 9.1 times 413 (from 0.0096 and 0.087) ( Figure 5E ). Thus, the statistical inferences from the best model can be 414 interpreted that a single sister chromatid fusion increase the probability of MN formation by 415 about 9 times regardless of the cellular backgrounds in our experimental setting.
416
In the model 2, we could also assess the effect of MN on the stability of the cell cycle. We proposed to cause cytokinesis furrow regression followed by daughter cell fusion ( Figure   436 7-iv) [9] and/or be resolved by cytosolic nuclease because of abnormal nuclear envelope 437 formation around the bridge (Figure 7-v) [10] . However, cell fusion was not associated with 438 mCitrine expression in XpSIS cells ( Figure 5A ). In consistent with this observation, tetraploid 439 cells did not increase upon sister chromatid fusion ( Figure 3E and Supplementary figure 4A).
440
The bridge resolution was shown to be associated with nuclear envelope rupturing [10] , which is 441 observable in our live cell imaging analysis because mCitrine harbors nuclear localization signal. 442 However, we failed to observe the rupturing phenotype, possibly because of insufficient number 443 of frames in the movies. Mitotic delay, which was observed in p53-compromised fibroblast cells 444 upon TRF2 knockout [4] , was also rare (Figure 7 -vi)( Figure 5A ). These results suggest that a 445 single sister chromatid fusion was not enough to cause cell fusion and mitotic delay in HCT116 446 cells. We therefore assume that chromatin bridge in the next G1 was also eventually resolved that aneuploid cells had reduced fitness and were removed from the population during long-term 455 culturing (Figure 7-xiii) [38] . Finally, our live cell and statistical modeling indicate that MN was 456 induced by a single X chromosome sister chromatid fusion in the first few cell cycle ( Figure   457 7-xiv), and such MN formation possesses negative effect on the cellular fitness (Figure 7-xv) .
458
The formation of MN is consistent with a previous observation that about 23% of cells with 459 H2B-GFP-visualized chromosome bridges during anaphase generated MN in the following G1 460 phase [39] . Such MN may be caused by abnormal elongation of the microtubule bundles bound 461 to bridged chromosomes [40] , or by enzymatic cutting of the bridge. Importantly, our contribute to cell cycle destabilization in MN positive cells. We therefore propose that, although 468 most broken sister bridges can be repaired by either translocation or telomere healing and have 469 minor effects on cellular fitness, even a single sister chromatid fusion can cause X chromosome 470 missegregation, BFB cycle and/or MN formation followed by cell cycle destabilization, which 471 potentially lead to chromosome rearrangements and tumorigenesis. 472 
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Perspective of FuVis
473
Fluorescent proteins have been widely applied to diverse studies from protein labelling to 474 biological sensors [42] . We have expanded the applications of fluorescent proteins, namely a 475 sensor of the specific chromosome rearrangement. The system described here can be applied to 476 other types of rearrangement including specific translocations and other types of chromosome 477 end-to-end fusion, such as inter-chromosome and intra-chromosome fusions (i.e. ring 478 chromosome), all of which may contribute to chromosome-driven cellular transformation, tumor 479 development and/or developmental disorders potentially through distinct mechanisms [1] [43] . 480 Such expanded FuVis systems will provide unprecedented tools for the visualization and short-481 and long-term trace of specific chromosome rearrangements in user-defined cellular contexts,
482
including mouse models and recently developing organoid models.
483
Materials and Methods
484
Cell culture human genome [44] . The neomycin resistant gene, 2x cHS4 insulator [29] and Xp subtelomere 497 genomic sequence for homology template were added during cloning process. The resulting 498 pMTH397 and pMTH729 were used for the generation of XpSIS and XpCTRL clones,
499
respectively. DNA Sequences of pMTH397 and pMTH729 are provided in supplementary file 5 500 and 6, respectively. Sequence information of other plasmids are available upon request.
501
CRISPR/Cas9-mediated homology-directed DNA cassette integration into 502 genomic DNA
503
For DNA cassette integration, We used HCT116 cells because they possess relatively stable 504 near-diploid chromosomes (n=45), highly efficient HR and carry only one X chromosome after 505 losing Y chromosome [45] [46] . The CRISPR Design Tool (http://tools.genome-enineering.org) 506 and the Cas-OFFinder (www.rgenome.net/cas-offinder/) were used to choose the target site for 507 integration with minimum off-target sites. CRISPR/Cas9-based genome targeting was 508 performed as described previously [47] . Briefly, HCT116 cells were plated in 6-well plate one 509 day before transfection. The donor plasmids, pMTH397 or pMTH729, were transfected with 510 eSpCas9(1.1)-sgCHRXpYp-Subtel2 (pMTH393) that targets chromosome Xp subtelomere locus 511 using FuGENE HD reagent (Promega). Two days post transfection, cells were diluted and plated 512 on 10 cm dish with 700 µg mL −1 G418. Medium with G418 was refreshed every 3 days for 2 513 weeks, and individual colonies were isolated. Genomic DNA were obtained and genomic 514 integration was assessed by PCR using primers listed in supplementary file 7 and southern 515 blotting as described below. The PCR products were sequenced to confirm integration at the 516 expected locus.
517
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Southern blotting
518
Genomic DNA was digested with EcoRI, run on 0.7% SeaKem GTG agarose (Lonza), and 519 transferred to the Amersham Hybond-N+ membrane (GE Healthcare Life Sciences). For the 520 mCit-C probe, an 833 bp fragment was amplified by PCR using MTH384 and MTH417 as 521 primers and pMTH393 as a template. The probe was generated by random labeling and 522 hybridized to the membrane at 63 o C.
523
Viral infection
524
The lentivirus particles were generated as described previously [48] with minor modifications. 525 Briefly, HEK293FT cells (Thermo Fisher Scientific) were transfected with transfer plasmid, 526 psPAX2 (a gift from Didier Trono, addgene #12259) and pCMV-VSV-G (a gift from Bob
527
Weinberg, addgene #8454) using polyethyenimine (PEI). Medium was replaced on the next day, 528 and medium containing active lentivirus particles was collected on day 2 and day 3 post 529 transfection. For LentiCRISPR-sgEMPTY and LentiCRISPR-sgFUSIONs, cells were infected 530 in growth media containing 8 µg mL −1 polybrene and lentivirus, and cultured for 2 days.
531
Puromycin was added to the culture at 1 µg mL −1 and infected cells were selected for more 532 than 2 days before analysis. The amount of lentivirus required for nearly 100% infection was 533 determined empirically. All target sequences of CRISPR/Cas9 used in this study are listed in 534 supplementary file 1.
535
Fluorescent in situ hybridization
536
Conventional fluorescent in situ hybridization was performed as described previously [49] with 537 modifications as described below. Briefly, cells were exposed to 100 ng mL −1 colcemid for 2 hr 538 and fixed in 3:1 Methanol/Acetic acid for 6 minutes. For telomere and centromere imaging. In the analysis, each lineage has a group of cells and it would be natural to assume that 595 the cells share some common background characteristics affecting the observations such as the 596 MN formation and interphase duration. If we ignore the cluster structure and consider each 597 observation for each cell as a random variable subjected to an independent and identical 598 distribution, that would lead to a bias to the interpretation of the data [51] . Therefore, we 599 explicitly implement the clustered or hierarchical structure into the statistical models. alternatives. We applied the models to the data and built predictive distributions on each model 602 to make them approximate to the unknown distribution that generated the data such as whether 603 MN was formed or not (M N n , in the Figure 5C ). The models and predictive distributions were 604 defined and implemented by a probabilistic programming language Stan [52] . We computed 605 through the package 'rstan' in the statistical computing environment R [53] . No fusion contains the following conditions: C48-mCit (1 + n and N + n), C48-sgFUSION11 (1 + n and N + n), SIS15-mCit (1 + n and N + n), and SIS36-mCit (1 + n and N + n). Fusion contains the following conditions: SIS15-sgFUSION11 (1 + n and N + n) and SIS36-sgFUSION11 (1 + n and N + n). 
